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Abstract 
We investigate the possibility of applying rectangular voltage pulses to the gate electrode of carbon nanotube field effect 
transistors (CNFETs) for NO2 detection. CNFET gate characteristics measured using pulsed gate voltages show a reduction of 
hysteresis by about 20% compared to measurements with linearly swept gate voltages. Moreover, an enhancement of the 
measurement range is observed in the pulsed regime. The characterized CNFET devices are based on individual single-walled 
carbon nanotubes (SWNTs), which act as the sensing elements.   
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Single-walled carbon nanotubes (SWNTs) are hollow cylinders with all their atoms being at the tube surface, 
which renders their electronic properties very sensitive to changes in the chemical composition of their 
environment1. Due to their exceptional structural nature, they are promising candidates as new sensing material for 
many (bio)chemical sensing applications2-4. Incorporated in a carbon nanotube field effect transistor (CNFET) 
architecture, individual SWNTs have been widely investigated as novel sensing material for NO2 detection5-8. 
Compared to metal-oxide-based gas sensors, CNFETs are operated at room temperature and therewith feature very 
low power consumption along with high sensitivity to NO2.  
Upon exposure to NO2, CNFETs show a shift of the threshold voltage and/or changes of the saturation currents5-8 
in their gate (IdVg) characteristics. However, the gate characteristics of CNFETs often suffer from substantial 
hysteresis, which hampers interpretable and repeatable sensor outputs. The observed hysteretic behavior has been 
attributed to charge trapping in the vicinity of the SWNT. Charge trapping can be either caused by adsorbed 
molecules on or near the SWNT or by charge injection from the SWNT into the underlying oxide layer at elevated 
gate potentials9,10.  
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 To reduce the gate hysteresis of CNFETs many different approaches have been proposed: via device 
encapsulation with a polymer11 or ALD alumina layer12 or by chemical modification of the device surface with self-
assembled monolayers (SAMs)9,13. However, for chemical sensing, where the SWNT channel has to be accessible 
for the target analyte, full encapsulation is not a feasible solution for hysteresis reduction and deposited SAMs may 
modify the adsorption behavior of the target analyte compared to pristine devices. Lin et al.14 found that by applying 
short gate voltage pulses in the range of 500 μs CNFET gate characteristics become mostly hysteresis-free. This 
measurement method is not based on structural or chemical modifications of the device and therefore seems to be 
highly suitable for chemical sensing but has not yet been investigated for this application. Long gate pulses, on the 
other hand, have been shown by Chang et al.15 to cause analyte desorption. In this context, it needs to be verified, 
whether short gate pulses lead to the desired hysteresis reduction and don’t harm the analyte adsorption. 
In this study, we apply pulsed gate voltages to CNFETs for the detection of NO2. From comparative pulsed and 
continuous measurements we observe a reduction of the hysteresis in the pulsed gate characteristics and an 
enhancement of the measurement range. 
2. Fabrication 
A detailed description of the fabrication process is available in Refs.6,8,16. The fabrication of the CNFET devices 
starts from a highly doped silicon substrate, which acts as a back gate in the final device, covered with a 200 nm 
thick thermally grown dry silicon oxide. Iron loaded Ferritin based catalyst particles are adsorbed on the silicon 
oxide and calcined on a hot plate. From the adsorbed catalyst particles on the substrate individual SWNTs are grown 
in a chemical vapor deposition (CVD) process at 850°C with methane as carbon source (H2/CH4 pressure at 50/150 
mbar). After the formation of alignment marker structures by means of electron beam (ebeam) lithography, physical 
vapor deposition (PVD) of Cr/Au (2 nm/40 nm) and lift-off, the location and orientation of individual SWNTs are 
recorded by atomic force microscopy (AFM). The source and drain metal contacts are then deposited by means of 
ebeam lithography and PVD of Cr/Au (2 nm/40 nm) followed by lift-off.  
 
 
 
Fig. 1: SEM image of a CNFET with atomic layer deposited (ALD) 
Al2O3 passivated metal contacts (distance between the contacts is 
about 1 μm). The SWNT channel is exposed to the environment by a 
rectangular hole etched into the ALD Al2O3 (dark area, about 500 nm 
wide).  The metal contacts are protected under the ALD Al2O3 from 
the ambient. 
Fig. 2: Schematic of the pulsed and continuous gate voltage. In 
contrast to continuous gate measurements, in the pulsed regime the 
gate bias is always returned to 0 V after each gate pulse.  
 
In the following step the CNFETs get fully passivated with 40 nm of ALD alumina. In a HF wet etching process 
by means of an ebeam structured polymer mask the ALD alumina at the SWNT channels is then removed again in 
order to expose the SWNTs to the ambient and enable chemical sensing. The ALD alumina is not removed at the 
source and drain contact regions. It is a good protection layer for the electrodes against unwanted environmental 
influences8 and helps to increase device stability12. The ALD alumina layer is grown in a Picosun Sunale R-150B 
reactor at 150°C and in N2 atmosphere at low pressure with water and trimethylaluminum (TMA) as source media 
for the film growth. 
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In Fig. 1 a scanning electron microscopy (SEM) image of a final CNFET gas sensor is shown. Every device 
consists of an individual SWNT and the distance between the source and drain electrode is about 1 μm. The 
rectangular hole (dark area) etched into the ALD alumina layer is about 500 nm wide.    
3. Measurement methodology 
For the electrical characterization of the CNFET devices, the source-drain voltage (Vsd) is kept constant and the 
gate voltage (Vgd) is cycled from 0 V to +7.5 V, down to -7.5 V and back to 0 V. Vgd is either swept continuously or 
in the form of short rectangular pulses, as depicted in Fig. 2. The sweep rate for both regimes is 30 V/s. The source-
drain current (Isd) is recorded by means of low-noise amplifiers. The acquisition of Isd is always chosen before the 
end of every gate voltage pulse and such that the current has reached a stable state.  
To expose the CNFET gas sensors to different NO2 gas concentrations, the devices are placed in a hermetically 
sealed gas chamber made of aluminum. The gas chamber has a volume of about 30 ml and features electrical 
feedthroughs to access Vsd, Vgd and Isd. Different concentrations of NO2 gas are mixed to the carrier gas (synthetic 
dry air: 80% N2 and 20% O2), which is fed into the gas chamber at a flow rate of 1 l/min. 
4. CNFET characterization 
In the pulsed measurement regime the gate bias returns to 0V after every pulse, which is in contrast to 
continuously swept gate voltages, where the gate voltage is linearly ramped (Fig. 2). Therewith, the time during 
which charge traps can be filled is shortened and the hysteresis in the gate characteristic is reduced. The effect of 
gate pulses is clearly visible in Fig. 3a, which shows pulsed gate characteristics of a CNFET in ambient air upon 
variation of the pulse time from 50 ms, 10 ms, 5 ms to 1 ms. tlow is kept constant at 100 μs. Variation of tlow was 
found to have almost no effect on the gate hysteresis since charge traps are very stable at Vgd = 0 V17. While the 
forward branch of the gate characteristic remains nearly unchanged, the backward branch is shifted toward the 
forward branch with shorter thigh and therewith the gate hysteresis is reduced.  
The CNFETs with passivated contacts exhibit clear n-type behavior in contrast to non-encapsulated CNFETs, 
which are known to show distinct p-type characteristics. In another study18, where Si3N4 was used as a passivation 
material for the source-drain metal contacts, the same observation was made. It is believed that, due to the absence 
of oxygen molecules at the passivated source-drain electrodes, the Schottky Barrier (SB) alignment is affected and 
the CNFET polarity is changed from p-type to n-type19.  
Fig. 3b and 3c display gate characteristics of the same CNFET upon exposure to 0, 1.2, 6 and 18 ppm of NO2 
with continuous and pulsed gate voltages (thigh=10 ms, tlow=100 μs), respectively. Both show a positive shift of the 
  
Fig. 3(a): Pulsed gate characteristics of a CNFET in ambient air upon variation of the pulse time thigh from 50 ms, 10 ms, 5 ms to 1 ms (tlow is kept 
constant at 100 μs). While the forward branch of the gate characteristic remains nearly unchanged, the backward branch is shifted toward the forward 
branch with shorter thigh and therewith the hysteresis in the gate characteristic is decreased. Vsd = 30 mV. 
Fig. 3(b): Continuous gate characteristic of a CNFET upon exposure to 0, 1.2, 6 and 18 ppm of NO2 with synthetic dry air as carrier gas. With 
increasing concentration of NO2 the gate threshold is shifted to more negative gate voltages. Vsd = 300 mV. 
Fig. 3(c): Pulsed gate characteristic (thigh=10 ms) of a CNFET upon exposure to 0, 1.2, 6 and 18 ppm of NO2 with synthetic dry air as carrier gas. The 
gate hysteresis is reduced by about 20% and the measurement range (maximum measurable gas concentration) is increased compared to the 
continuous gate characteristic. Vsd = 300 mV. 
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 gate threshold upon exposure to NO2. However, the pulsed gate characteristics show reduced hysteresis by about 
20% and an increase of the measurement range compared to the continuous gate characteristics. This may be 
explained by the fewer charges trapped with the pulsed regime compared to the continuous method. This could lead 
to an improved gate coupling and therefore more of the CNFET characteristic is visible within the gate voltage 
window. 
5. Conclusion 
In summary, pulsed gate voltages were applied to CNFET devices for NO2 gas detection. The hysteresis present 
in the gate characteristics in ambient air is reduced with decreasing pulse time thigh. The applied pulsed method also 
reduces the gate hysteresis for the detection of NO2. Further, we observe an enhancement of the measurement range 
compared to continuous measurements. The pulsed technique is not based on structural and chemical modifications 
of the device as it is the case for other measures to reduce the gate hysteresis, such as deposition of SAMs, which 
may lead to a completely changed sensing behavior. By applying pulsed gate voltages to CNFETs, there is great 
potential to obtain more repeatable and clearly interpretable sensor outputs. 
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